Small molecules can be co-loaded with iron oxide nanoparticles onto diatoms. With an external magnetic field, the diatoms, after systemic administration, can be attracted to tumors. This study suggests a great potential of diatoms as a novel and powerful therapeutic vehicle.
challenges. Commonly used silica nanoparticles have a size around 50-100 nm, and can load very limited numbers of IONPs. Such light loading leads to weak magnetic attraction, making magnetotaxis insufficient for in vivo delivery, given a complicated biological environment.
Here we tackle this issue by using diatoms as novel silica vehicles. Diatoms are a major group of algae that are encased within a silica shell called a frustule. Intact diatom shells have a length of approximately 10 μm with ~500 nm pores orderly populating their structure. With their much larger size, diatoms, as a carrier, can load significantly higher payloads than common silica nanoparticles. This includes encapsulating hundreds of magnetic nanoparticles per diatom, 14 and in doing so, granting the diatom with a superior magnetic response. In this proof-of-concept study, we successfully loaded a large amount of dye molecules as drug mimics onto IONP-tagged diatoms. Using fluorescence imaging and magnetic resonance imaging (MRI), we confirmed, in small animal tumor models, that these diatoms can be attracted to tumors by magnetic guidance (Scheme 1).
For preparation, raw diatoms (100% Food Grade) were first sonicated and repeatedly washed. Filter paper with 8 μm pores was then used to remove small and broken diatoms. Fig. 1a &b are scanning electron microscope (SEM) images of the purified diatom particles. The frustule shell has a thickness of 2 μm, which wraps to form a hollow cylinder, with an opening at one end. Lengths of the diatoms range from 5 to 15 μm. ~500 nm pores are orderly distributed across the particle's surface, both on the walls and on the edges.
For magnetic labeling, ~15 nm human serum albumin (HSA) coated IONPs were used. The synthesis and surface modification of the IONPs were reported by us previously. 15 Briefly, IONPs were made by thermal decomposition and were coated with a layer of oleic acid/ oleylamine. These nanoparticles were surface-exchanged with dopamine in a 2:1 CHCl 3 / DMSO mixture. The resulting, dopamine coated IONPs were dropwisely added to an aqueous solution of HSA, where the proteins were adsorbed onto the particle surface to grant them with good aqueous stability.
These HSA-IONPs were incubated with diatoms in PBS at room temperature for 2 h. As shown in our previous studies, due to multiple amine groups on the surface, HSA-IONPs are partially positively charged, and may interact with negatively charged surfaces (e.g. cell membranes 15 ). It is expected that a similar electrostatic interaction can facilitate the binding of IONPs to the external and internal surfaces of diatom particles. At the end of the incubation, the solution was subjected to centrifugation at a moderate speed to enrich diatoms but not free IONPs. The products, IONP-loaded diatoms (IONP-DTMs), were washed by PBS to remove loosely bound IONPs.
IONP-DTMs were visualized by SEM. Many small particles were found on the diatom surface, which are attributed to immobilized IONPs (Fig. S1a, † ESI). The successful loading was also confirmed by energy-dispersive X-ray (EDX) spectroscopy (Fig. S1b, † ESI), and more convincingly, by inductively coupled plasma (ICP) analysis, revealing a Fe loading rate of ~8 wt%. Such heavy loading of IONPs made diatoms very sensitive to magnetic summoning. Fig. 1c shows that when a magnetic bar was applied, IONP-DTMs were immediately attracted to the wall of the vessel. By contrast, individually dispersed HSAIONPs were much less responsive to the magnetic attraction (Fig. S2,  † ESI ). Due to a high loading capacity, the loading of IONPs does not affect the ability of diatoms to load small molecules. Fig. 1d shows a study where rhodamine B, a red small molecule dye used as a † Electronic Supplementary Information (ESI) available: details on experimental methods, SEM analysis of IONP-DTMs and DTMs after incubation in body fluid mimic. See DOI: 10.1039/c000000x/ drug mimic, was co-loaded with HSA-IONPs onto diatoms. The dye, as a payload, was magnetically attracted to the wall using a magnetic bar.
Next, we studied the cytotoxicity of IONP-DTMs with 4T1 murine breast cancer cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, or MTT assays. Within the tested concentration range (0-625 μg/mL, based on the total mass), the cells kept over 80% viability after 24-h an incubation (Fig. 2) . This good biocompatibility is not unexpected given that both silica and HSA-IONPs were low-toxic. 16, 17 We also studied the biodegradability of diatoms in a body fluid mimic. 18 After one-week incubation, we found many broken nanostructures, indicating an ongoing degrading process (Fig. S3,  † ESI) . Given their relatively large size, however, complete degradation takes a longer time.
With the encouraging in vitro data, we moved to in vivo investigations to evaluate magnetic delivery with IONP-DTMs. To facilitate the particle tracking, we used ZW800, a nearinfrared fluorescence dye, as a drug mimic. With near-infrared emission (ex/em: 780/800 nm), the migration and distribution of ZW800 can be traced in vivo. The "drug" loading is similar to that with rhodamine B. These IONP and ZW800 dually labeled diatoms were intravenously (i.v.) injected into 4T1 tumor xenograft models (1.65 mg/kg). A magnetic bar was attached to the skin of the tumors before the particle injection and was remained there for one hour. In the control group, no magnet was applied. No abnormalities of animals were observed through the diatom injection. After one hour, the magnet was removed and the animal was subjected to T2-weighted MR imaging. Compared to the pre-scan, no significant signal change was observed in the control group, indicating a minimal tumor accumulation. By contrast, a number of black areas appeared in tumors treated with a magnet (Fig. 3) . This signal drop in tumors was accredited to accumulation of IONPs that induce hypointensities. The MRI data correlates well with the in vivo fluorescence imaging results, finding dramatic difference in tumor uptake after 1 h (Fig. 4) . After the imaging, we sacrificed the animals and dissected tumors for ex vivo fluorescence imaging. With region-of-interest (ROI) analysis, it is revealed that more than 6.4 times more particles were accumulated in the tumors treated with a magnet, confirming the good efficacy of magnetic modulation.
Conclusions
We demonstrated that IONP loaded diatoms could be used in vivo as magnetic delivery carriers. To our knowledge, this is the first example of the in vivo translation of diatoms. Significant improvement of tumor retention was observed when a magnetic field was applied to the tumor sites. This, together with the low toxicity and biodegradability of IONPs and diatoms, suggest the great potential of the technology. With their big size, diatoms are able to hold a broad range of functionalities. This includes loading multiple types of imaging functionalities for multimodality imaging. It is also possible to load a combination of therapeutics onto diatoms for cocktail cancer therapy. In the current investigation, small molecules were loaded onto diatoms through physical adsorption. Similar to common silica nanoparticles, the surface of diatoms can also be modified by organo-functional silanes to allow introduction of functionalities through covalent linkage. The related investigations are underway. 8 In the present study, ~10 μm diatoms were used, which provided a good capacity for nanoparticle/molecule loading. This relatively large size, however, caused undesired particle accumulation in the lung, likely from trapped particles in the narrow capillaries (Fig.  4) . [19] [20] [21] In future studies, it is important to develop size selection strategies to enrich smallsized diatoms, which may afford better pharmacokinetics. Also, the relatively large pore size may cause a rapid release of drugs. This may be improved by introducing activatable stoppers that can block the pores and only be lifted in response to certain stimuli in tumors. Cell viability assay of IONP-DTMs. Cells kept over 80% viability within the tested concentration range (0 -625 μg/mL). T2-weighted MR images taken prior to and 1 h after the injection of ZW800 loaded IONPDTMs. Black areas (highlighted by red arrows) were observed in tumors where a magnet was attached to the tumor skin. By contrast, no signal change was observed if no magnet was applied. IONP loaded diatoms for magnetic drug delivery. IONPs and small molecule drugs can be loaded into diatom frustules. In response to an external magnet, these diatoms are attracted to tumors after tail vein injection.
